ABSTRACT: The density, sinking rate and biochemical composition of Centropages tenuiremis subitaneous and diapause eggs were determined in the laboratory. The mean densities of subitaneous and diapause eggs were 1.1176 and 1.1481 g cm -3 , respectively. Based on Stokes' law, the average sinking rate was 0.0266 cm s -1 for subitaneous eggs and 0.0367 cm s -1 for diapause eggs. The dry weight, lipid, protein and carbohydrate contents of subitaneous eggs were 117.7, 32.9, 59.1 and 9.4 ng egg -1 , respectively, while those of diapause eggs were 165.0, 57.1, 81.2 and 11.2 ng egg -1 , respectively. The levels of aspartic acid, glutamic acid, glycine, methionine, isoleucine, leucine, norleucine, lysine, ammonium chloride, and arginine in diapause eggs of C. tenuiremis were significantly higher than in subitaneous eggs. Results of the study showed that there were significant physiological and biochemical differences between subitaneous and diapause eggs of C. tenuiremis.
INTRODUCTION
It is well known that many estuarine and coastal planktonic copepods depend on the hatching of benthic resting eggs for recruitment of nauplii to the water column population (Marcus 1984) . Copepod resting eggs in the sediment of bays and estuaries can be extremely abundant, which is likely to greatly affect the dynamics of the pelagic community (Boero et al. 1996 , Hairston et al. 2000 , Bell & Weithoff, 2003 , since benthic resting eggs ensure the persistence of such species and are important agents of local recolonization. Resting eggs could be classified into 2 types: subitaneous and diapause eggs (Grice & Marcus 1981 , Marcus 1996 . Subitaneous eggs can normally hatch after spawning, but if they are exposed to unsuitable conditions (e.g. low temperature or oxygen), development is delayed and they become quiescent. Unlike subitaneous eggs, diapause eggs must undergo a refractory phase during which development does not resume, even if conditions are suitable (Grice & Marcus 1981 , Marcus 1996 .
Many studies have focused on the outer morphological differences between subitaneous and diapause eggs. Marine calanoid copepods often have spiny diapause eggs, while their subitaneous eggs are smooth (Ianora & Santella 1991 , Belmonte & Puce 1994 , Belmonte et al. 1997 , Chen & Marcus 1997 , Couch et al. 2001 , which can easily be distinguished under the light microscope. Sometimes they have different colors (Cooley 1971 , Walton 1985 or can be distinguished by the presence or absence of an extravitelline space (Lohner et al. 1990 ). In many calanoid copepods, however, it is difficult to distinguish 2 egg types only using a light microscope (Hairston & Olds 1984 , Chen & Marcus 1997 . The most common difference is in the shell structure, since there is generally a thick and multilayered shell around the embryo of diapause eggs, whereas subitaneous eggs have only a thin and singlelayered shell (Hairston & Olds 1984 , Santella & Ianora 1990 , Ianora & Santella 1991 , Couch et al. 2001 .
However, physiological and biochemical studies of subitaneous and diapause eggs are noticeably lacking. Marcus & Fuller (1986) observed a significant difference in the settling velocities and densities between subitaneous and diapause eggs. The density difference between the egg types may be an indication of intrinsic differences in the egg storage product, but the biochemical differences between subitaneous and diapause eggs have not been compared (Marcus 1996) . Another obvious difference in the 2 egg types is the respiratory physiology. Oxygen consumption of subitaneous eggs of the marine copepod Pontella mediterranea increased steadily after spawning to reach maximum values about 25 h later, while oxygen metabolism of diapause eggs was greatly reduced during the refractory stage, with a resumption only prior to hatching (Romano et al. 1996) .
In present paper, we investigated the density, sinking rate and biochemical composition of subitaneous and diapause eggs of Centropages tenuiremis. Significant differences were found in each of these.
MATERIALS AND METHODS
The calanoid copepod Centropages tenuiremis is widely distributed along the coast of China. In Xiamen Harbor, the occurrence of this species in the plankton is restricted to the winter and spring seasons. The species appears in the water column at the end of October and increases in number until an annual maximum density (80.2 ind. m -3 ) is reached in March (authors' unpubl. data) . From October to April, only smooth subitaneous eggs are produced, most of which can hatch within 1 to 2 d at ambient temperatures. In May, the females begin to produce diapause eggs, which are spiny and do not hatch immediately (Li et al. 1989) . After the annual maximum of C. tenuiremis in water, the planktonic population gradually decreases in size as water increases and completely disappears by the end of June (authors' unpubl. data).
Centropages tenuiremis were collected with a 240 µm mesh plankton net from a station (118°0 2.363' E, 24°26.778' N) In the laboratory, adult Centropages tenuiremis females were transferred from the mixed plankton with wide-mouth pipettes into 2 egg incubation systems filled with seawater which had been filtered through a 5 µm sieve. This filtering procedure removed any copepods eggs in the seawater. The incubation systems were self-made according to the design of Burkart & Kleppel (1998) , and the volume was enlarged so that enough eggs could be maintained. The copepods were offered a mixed diet (1:1) of Isochrysis galbana and Phaeodactylum tricornutum. Egg incubation systems were placed in a temperatureand light-controlled incubator (±1°C of field temperature and the ambient outdoor light:dark photoperiod). C. tenuiremis were sampled at night and females were incubated overnight. The next morning freshly spawned eggs were collected for the investigations. Thus, eggs were 0 to 12 h old in the experiments. Identification of subitaneous and diapause eggs was based on their outer morphological differences. Diapause eggs of C. tenuiremis are spiny, while subitaneous eggs are smooth when viewed under the light microscope (Li et al. 1989) .
Egg density was determined with a density-gradient centrifugation method using a sucrose solution. The density-gradient centrifugation method has been commonly used to investigate the density of copepods eggs (Marcus & Fuller 1986 , Miller & Marcus 1994 , Tang et al. 1998 . The densities of the gradient were calculated as mass/volume; mass was determined with an electronic scale (accuracy 0.0001 g). Five different densities (1.06 to 1.18 g cm -3 for subitaneous eggs and 1.09 to 1.21 g cm -3 for diapause eggs at an increment of 0.03 g cm -3
) were used. Solutions of the gradient were carefully transferred into 15 ml centrifuge tubes (4 or 6 replicates) to make up 5 layers of increasing density, from top to bottom. At least 40 freshly spawned eggs were transferred onto the surface of the density gradient with a micropipette. A small amount of seawater was inevitably added to the gradient, but it never exceeded 1 ml. The tubes were centrifuged at 3000 rpm (950 × g) for 30 min. After centrifugation each layer was carefully pipetted out, from top to bottom. It was assumed that eggs that had settled in a particular layer had the same density as the others in that layer. All density measurements were made at room temperature (~25°C), and we did not control the osmotic potential of the density gradient since the change was very small (a 1% change in egg density for a 100% change in ambient osmotic potential; Miller & Marcus 1994) .
Freshly spawned subitaneous and diapause Centropages tenuiremis eggs, 5500 of each, were collected and washed with distilled water twice. The samples were heat-dried in an electric oven at 60°C to a constant weight. Then the samples were kept in a desiccator before being weighed with an electronic scale (accuracy 0.00001 g). The total protein content of the eggs was determined by the method of Bradford (1976) , with bovine serum albumin as the standard. Freshly spawned subitaneous and diapause eggs, 1800 of each, were used. The total lipid of freshly spawned subitaneous and diapause eggs, 5500 of each, was extracted following a modified procedure of Folch et al. (1957) using chloroform-methanol (2:1) and esterified with a mixture of 1% H 2 SO 4 in methanol. The total carbohydrate content of 2500 freshly spawned subitaneous and diapause eggs, 2500 of each was determined by means of the phenol-sulfuric acid reaction (Dubois et al. 1956 ) using glucose as a standard. The amino acid of the eggs was extracted for 24 h in 6 mol HCl. After centrifugation (20 min at 15 000 rpm [5000 × g]) the supernatants of 1800 freshly spawned eggs were analyzed in a Hitachi L-8500 Amino Acid analyzer. Each test had 2 replicates. The differences between subitaneous and diapause eggs were compared using Student's t-test.
RESULTS
The densities of subitaneous and diapause eggs of Centropages tenuiremis are listed in Table 1 . The mean density of subitaneous eggs was 1.1176 g cm -3 with a SD of 0.0057 g cm -3 , while the mean density of diapause eggs was 1.1481 g cm -3 with a SD of 0.0101 g cm -3
. The frequency distributions of densities of 1364 subitaneous and 824 diapause eggs are shown in Fig. 1 . The mean density of diapause eggs was 2.73% higher than that of subitaneous eggs. Despite some overlap, the result of the t-test indicated that there was a significant (p < 0.01) difference between the densities of subitaneous and diapause eggs.
Egg sinking rates were calculated with Stokes' law. Seawater density and kinematic viscosity for Stokes' law were estimated from water temperatures and salinity (Sverdrup et al. 1942) . Fifty subitaneous and diapause eggs each, used to determine the mean egg diameter, were collected from the same field population on 31 May 2003. The diameter was determined with a microscope at 160 × using an ocular micrometer. The mean diameters of subitaneous and diapause eggs were used in Stokes' law. The mean diameter of subitaneous eggs was 77.90 µm with a SD of 3.85 µm, while the mean diameter (without spines) of diapause eggs was 79.69 µm with a SD of 3.40 µm. The result of the t-test indicated that there was a significant (p < 0.05) difference between subitaneous and diapause eggs of Centropages tenuiremis. The mean diameter of diapause eggs was 2.30% larger than that of subitaneous eggs.
The sinking rates of Centropages tenuiremis eggs from each collection were calculated with Stokes' law ( (Table 2) . Total AA made up 60.7% of the subitaneous egg dry mass and 58.8% of the diapause egg dry mass. Total AA content in diapause eggs was significantly higher than in subitaneous eggs(p < 0.05). Glutamic acid and aspartic acid followed by valine and lysine dominated among the total AAs in C. tenuiremis subitaneous and diapause eggs. The levels of aspartic acid, glutamic acid, glycine, methionine, isoleucine, leucine, norleucine, lysine, ammonium chloride, and arginine were obviously higher in diapause eggs than in subitaneous eggs, while differences in other AAs were not significant (Table 2) .
DISCUSSION
Although most attention has been paid to morphological differences in past research, our present investigation showed that there were significant physiological and biochemical differences between Centropages tenuiremis subitaneous and diapause eggs. The difference in the density of subitaneous and diapause eggs was small (2.73%) but significant. It was similar to that observed in Labidocera aestiva by Marcus & Fuller (1986) . This difference could mainly be due to differences in dry weight and biochemical composition. In order to ensure long-term survival, diapause eggs need a complex egg structure which is capable of withstanding an unfavorable environment and enough storage products to maintain metabolism. Therefore, it is not surprising that the weight of C. tenuiremis diapause eggs was 40.2% higher than that of subitaneous eggs.
The fall velocity of Centropages tenuiremis diapause eggs is higher than that of subitaneous eggs, which suggests that the diapause eggs would rapidly settle to the sea floor. The significance of fast settlement is that it could reduce the potential predation pressure in the 168 water column (although some studies showed that copepod diapause eggs could pass through predator guts; Marcus 1984 , Parker et al. 1996 . Compared to the fast settlement of diapause eggs, the sinking rate of C. tenuiremis subitaneous eggs was relatively slow, which means that they would stay in the water column for a long period and could hatch before sinking out of the water column. However, the sinking velocity of the subitaneous eggs was 0.0266 cm s -1
, which indicates that eggs could reach a depth of 20 m within 24 h. The egg hatching time of the C. tenuiremis subitaneous eggs varied greatly with the water temperature, which ranged from 23 to 83 h in Xiamen Bay (authors' unpubl. data). The water depth of Xiamen Bay ranges from 6 to 25 m. A comparison of the egg deposition time and egg hatching time suggests that C. tenuiremis subitaneous eggs would settle to the bottom prior to hatching in a shallow area, even though they have a high potential to hatch before reaching the seabed.
The difference in the fall velocity of Centropages tenuiremis subitaneous and diapause eggs was 37.97%. Marcus & Fuller (1986) reported that the difference in the average fall velocities of Labidocera aestiva subitaneous and diapause eggs was approx. 25%. It is still unknown whether or not this difference is so large that the distribution of the 2 egg types on the sea floor is markedly different. The effect of the spines of C. tenuiremis diapause eggs was neglected when we calculated the sinking rates with Stokes' law. The spiny covering most likely will delay sinking because it increases the bearing surface (Belmonte at al. 1997 ). Spines, however, can also promote sinking: the majority of bloom-forming diatoms, in fact, have simple or even barbed protuberances with which they become entangled, forming aggregations. This enhances their sinking rates, removing them from the nutrient depleted area where the bloom occurred (Smetacek 1985 , Belmonte et al. 1997 ). An alternative method to determine the sinking rates of copepod eggs is to directly record the sinking of eggs in a settling chamber (Marcus & Fuller 1986 ). This method is simple and may reflect the effect of spines on the sinking rates of diapause eggs. However, the diameters of subitaneous and diapause eggs were, respectively, 77.90 and 79.69 µm. It is almost impossible to see C. tenuiremis eggs with the naked eye due to their small size. The egg sinking rates presented here are the theoretical rates for a laminar environment (Tang et al. 1998) . The actual sinking rates of eggs in the field would be influenced by vertical turbulent motion in the water. Additional information regarding the sinking rate, turbulent motion, and the time and depth of spawning events is crucial for a better understanding of the depositional dynamics of copepod eggs in the field, and will improve our insight into the planktonic copepod population.
Copepod diapause eggs have been shown to be capable of resting for very long periods of time, i.e. decades or even centuries , Hairston et al. 1995 . So it is not surprising that a complex egg structure capable of withstanding unfavorable environmental conditions and a large storage capacity are necessary for these eggs to survive for such long periods of time, which may result in the high dry weight of diapause eggs compared to that of subitaneous eggs. One of the morphological differences between diapause and subitaneous eggs of copepods is the shell structure, diapause eggs generally having a thick, multilayered shell, while subitaneous eggs have a thin, single-layered shell (Hairston & Olds 1984 , Santella & Ianora 1990 , Couch et al. 2001 . The presence of the chorion or external layer composed of lipoprotein impregnated with chitin and hematin was the major reason for the high protein content of diapause cysts of Artemia (García-Ortega et al. 1998) . Similarly the high protein content of diapause eggs of Centropages tenuiremis could be due to the thick, multilayered shell.
Although proteins are the main component of eggs in marine invertebrates, lipids play an important role in the embryonic metabolism (Holland 1978) . They represent the most important energy source and cover at least 60% of the total energy expenditure of the developing crustacean embryo (Amsler & George 1984) . The most obvious manifestation of the diapausing copepodid stages in species of Calanus is the large accumulation of lipids before and during dormancy (Conover 1988 , Sargent & Falk-Petersen 1988 . The lipid and protein contents of diapause eggs of Centropages tenuiremis were noticeabley higher than those of subitaneous eggs, which may indicate that they would be used as metabolic energy reservers during the period of resting. However, one complication is that since diapause eggs typically occur in anoxic sediments lipids might not be useful as a storage compound because oxygen is required for their metabolism (Marcus 1996) . After spawning from the female, diapause eggs settle to the seabed and are buried under sediment. They stop their development and remain dormant due to the lack of oxygen (Kasahara et al. 1975) . Hatching is inhibited until they return to the water column due to physical and biological resuspension. The respiration curve of diapause eggs of Pontella mediterranea characteristically followed the typical U-shaped pattern described for insect diapause (Romano et al. 1996) . During the pre-diapause and post-diapause period, diapause eggs had high rates of O 2 uptake, while O 2 consumption dropped to a low level during diapause. The lipids in C. tenuiremis dia-pause eggs might be used as energy fuel to meet the higher energy requirements during the pre-diapause and post-diapause periods, when oxygen is available. During the period of diapause, proteins might be used as a source of energy to ensure egg survival, since lipids might not be used in anoxic conditions. Warner et al. (1972) showed that yolk platelets in diapause cysts of Artemia contained about 75% of their mass as protein, and that this decreased during the period of diapause. Romano et al. (1996) suggested that there was a gradual decrease in the yolks of P. mediterranea eggs during the period of diapause. We, therefore, think that proteins and lipids might be used as a source of energy at different stages, which may explain why the diapause eggs have high levels of proteins and lipids compared to the subitaneous eggs of C. tenuiremis.
Total AAs constitued 60.7% of the subitaneous egg dry mass and 58.8% of the diapause egg dry mass in Centropages tenuiremis. AAs are predominantly used as metabolic fuel, and also utilized for protein synthesis. Marine fish eggs support 50 to 70% of their energy dissipation via catabolism of AAs (Rønnestad et al. 1999 ). In C. tenuiremis, total AA levels in diapause eggs were significantly higher than those in subitaneous eggs, which may indicate that AAs would be produced as an energy fuel to ensure survival over long periods of time. Glutamic acid and aspartic acid followed by valine and lysine dominated among the total AAs in subitaneous and diapause eggs of C. tenuiremis. Our results are comparable to the AA composition of Euterpina acutifrons eggs, in which the dominate essential AAs were glutamic acid, arginine, lysine, and aspartic acid (Guisande et al. 2000) . Generally, the individual AA levels in diapause eggs were higher than those in subitaneous eggs of C. tenuiremis. It is known that glycine, alanine, praline, and taurine have no significant effect on enzymatic activity according to data on catalytic rates or the influence of Michaelis constant (K m ) values (Yancey et al. 1982) . However, arginine and lysine do have an influence on the enzymatic catalytic function (Bowlus & Somero 1979) . The high levels of arginine and lysine in diapause eggs of C. tenuiremis might help to maintain a necessary level of metabolism during the long diapause period. Taurine is an almost ideal osmolyte and is present as a major osmolyte in many animal phyla (Huxtable 1992) . Taurine could originate from the catabolism of methionine and cysteine (Allen & Garrett 1971 ). In the current study the difference in the taurine content of subitaneous and diapause eggs was not significant. However, the methionine content in diapause eggs was significantly greater than that in subitaneous eggs. During the long diapause period methionie might be catabolized into taurine, which could regulate the osmotic equilibrium of diapause eggs in order to enable them to withstand unfavorable conditions. Some research showed that the essential AA composition of copepod eggs probably varied according to the food source (Guisande et al. 1999 (Guisande et al. , 2000 . Thus, the difference in the AA composition of subitaneous and diapause eggs might have been influenced by the natural seston, since the C. tenuiremis adults were kept on the lab diet for about 12 h before eggs were collected.
